Moisture management remains the most critical factor for controlling mold growth on wood and wood products during storage, construction, and while in service. When moisture management practices fail to adequately control moisture, plant extracts demonstrating antifungal properties may provide protection for these applications. The objective of this study was to evaluate the antifungal properties of natural plant extracts, such as essential oils, for use on wood. Seven essential oils were evaluated for their ability to inhibit growth of Aspergillus niger, Trichoderma viride, and Penicillium chrysogenum on southern yellow pine (SYP) stakes that were either dip treated or exposed to vapors of the test oils. Thyme and Egyptian geranium oil inhibited growth of all test fungi for 20 weeks. Likewise, dill weed oil vapors inhibited all test fungi for at least 20 weeks. Comparison of two mold test apparatuses-Petri dish test and tank test chambers-gave similar results for thyme oil. These findings support the application of essential oils for surface treatment or vapor exposure of wood to prevent mold infestation. r
Introduction
Potential health risks caused by mold growth in residential and non-residential wooden structures have been a major concern for homeowners, building contractors, and insurance companies alike. Lawsuits claiming health problems caused by indoor mold exposure exceeded 2.8 billion US dollars in 2002 (Hartwig and Wilkinson, 2003) . Chemical fungicides commonly used to control the growth of mold on wood may not be appropriate for many indoor applications. Natural alternatives that are user friendly and demonstrate low toxicity to humans are desirable for this application. Essential oils are known for their natural components, such as monoterpenes, diterpenes, and hydrocarbons with various functional groups. In the 1990s, Muanza and others searched for potential bioactive plant extracts against bacteria and fungi (Muanza et al., 1994 (Muanza et al., , 1995 . Many other researchers have since reported on antimicrobial (Cowan, 1999; Hammer et al., 1999; Hoffman et al., 2004; Mau et al., 2001; Sivropoulou et al., 1995 Sivropoulou et al., , 1997 and antifungal activities (Adam et al., 1998; Deferera et al., 2000; Moretti et al., 1998; MullerRiebau et al., 1995; Rakotonirainy and Lavedrine, 2005; Scheffer and Duncan, 1946; Sridhar et al., 2003; Wang et al., 2005) of essential oils in food applications, pharmaceutical research and other areas. However, little has been published previously on the use of essential oils as antimold agents on wood and wood products.
The objective of this study was to evaluate the ability of seven commercially available essential oils for mold inhibition on wood. Essential oils were evaluated by two methods, dip treatment and vapor exposure, and were compared in both Petri dish test chamber and tank test chamber.
Materials and methods

Essential oils
Seven essential oils derived from steam distillation-ajowan, dill weed, Egyptian geranium, lemongrass, rosemary, tea tree, and thyme-were obtained from New Directions Aromatics, Inc., San Francisco, California. All oils were used at full strength unless specified otherwise. Major Testing and Material, 1998) . In one set of tests, a mixture of three mold spore suspensions was transferred to a spray bottle and diluted to 100 mL with DI water to yield 3 Â 10 7 spores/mL. Spores of individual mold strains were prepared as described above for subsequent tests with individual test fungi. The spray bottle was adjusted to deliver 1 mL inoculum per spray.
Test specimens
Southern yellow pine (SYP) specimens (7 Â 20 mm cross-section by 7 cm long), cut from southern pine mill ends obtained from a Mississippi sawmill and stored at 0 1C, were used in the Petri dish chamber method. Test specimens of kiln-dried SYP, cut into a series of 75 Â 100 mm samples, 12.5 mm thick were used in the tank test chamber method.
Dip stake treatment
Five random replicate specimens were dip treated for 15 s in individual essential oils. Vegetable oil served as a control. Specimens were held in a closed container overnight at room temperature according to ASTM test methods D4445-91 and D3273-00 (American Society for Testing and Material, 1986, 1998) before inoculation with spores of the test fungi. Additionally, thyme and tea tree oil dilutions of 1:2, 1:4 and 1:8 were tested individually and in combination for mold inhibition for 22 weeks. Three random replicates were weighed before and after dipping to estimate essential oil retention levels.
Vapor exposure treatment
Five untreated specimens were held overnight at room temperature in a closed glass Petri dish (150 Â 250 mm). A 4-cm diameter glass dish containing 3 ml of a test oil was placed next to the specimens 24 h before inoculation with spores of the test fungi. The test oil remained in the Petri dish chamber for the duration of the 20 weeks test. Vegetable oil served as a control.
Petri dish test chamber
Each Petri dish test chamber (150 by 25 mm) (B-D Falcon, Los Angeles, California) contained four layers of blotting paper that was saturated with 30 mL DI water and covered with a polyethylene mesh spacer to elevate specimens. Specimens were sprayed with 1 mL of mixed or individual mold spore inoculum 24 h post-treatment. Petri dish test chambers were sealed in polyethylene bags to ensure 100% relative humidity (RH) exposure and prevent drying by incubating at 27 1C, 70% RH for the duration of the test. Specimens were evaluated for mold growth at 4, 6, 10, 12, 16, 20 and 22 weeks and rated on a scale of zero to five, with zero indicating no growth and five indicating heavy mold growth. Specimen rating ceased when test oils failed to substantially inhibit growth of test fungi.
Tank test chamber
A self-contained stainless steel environmental chamber (28 Â 20 Â 26 cm) containing water, soil, and hangers for suspending test samples was covered with a pitched roof to prevent condensation from dripping onto specimens. Test chambers were set up in a conditioning room at 27 1C and 70% RH. This test set-up, a modification of ASTM D3273-00 (American Society for Testing and Material, 1986) for resistance to mold growth on the surface of interior coatings in an environmental chamber, did not include an internal heater, electrical fan, or water circulator. The tank lid is sealed with rubber tubing so that the humidity remains at 100% for the duration of the test and the temperature in the chamber is the same as the conditioning room, 27 1C.
Non-sterile potting soil was placed in a tray to a depth of 1 in. above the water level. Soil was inoculated with mold spores from three test fungi, Aureobasidium pullulans, Aspergillus niger, and Penicillium chrysogenum, 2 weeks before placing the test specimens in the chamber. Test specimens were vertically suspended across the width of the chamber over inoculated soil.
In one tank test chamber, specimens dip treated with thyme and Egyptian geranium oils were inoculated with a mixed spore suspension 24 h post-treatment. In a second tank test chamber for vapor exposure, a glass Petri dish containing 5 mL dill weed oil was placed on the soil surface for 24 h before specimens were inoculated with the mixed spore suspension. The dish containing the test oil remained in the tank test chamber for the duration of the test.
Results and discussion
Essential oils evaluated in this study were selected for their previously reported antimicrobial properties in pharmaceutical, food, and packaging applications. Antifungal effects of essential oils on wood against three common airborne mold fungi were treated by two different methods, dip treatment and vapor exposure, and the results 
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Dip stake results
Specimens were initially rated after being incubated for 4 weeks. Ratings continued periodically through 20 weeks or until test oils failed to substantially inhibit test fungi. Results of the dip stake method showed that ajowan, lemongrass, rosemary, and tea tree were about 80% covered with mold growth at week 6 and 100% covered at week 10 (Fig. 1a) . The inhibitory effect on the surface of wood specimens was low for these four essential oils using the dip stake method. Dill weed oil inhibited P. chrysogenum PH02 and A. niger, but not T. viride, for up to 10 weeks. Egyptian geranium and thyme completely inhibited all test fungi for at least 20 weeks (rated zero). Oil treatment may have some effects on moisture exclusion, but control stakes dipped with vegetable oil showed 100% mold coverage at week 4. Diluted thyme oil (1:8) showed no mold growth up to 22 weeks, whereas a 1:2 dilution of tea tree oil only demonstrated mold inhibition for 6 weeks. The combination of thyme and tea tree oils was less inhibitory than thyme oil alone, therefore no synergy was observed in this combination. Rather, it appears that thyme oil's antimold properties were diluted by tea tree oil ARTICLE IN PRESS (data not shown). Retention levels of undiluted oils, as well as controls, averaged approximately 0.04 g/cm 3 on southern pine.
Vapor exposure results
Test fungi showed a completely different response to vapor exposure of essential oils. The most effective mold inhibitor was dill weed oil vapor. It retarded growth of all three molds for at least 20 weeks. Rosemary vapor inhibited T. viride and P. chrysogenum for 12 weeks and A. niger for 10 weeks (Fig. 1b) . These findings suggest that ketone volatilization may play a role in preventing spore germination for dill weed and rosemary oils. Since other essential oils that contain ketones in varying amounts may not demonstrate inhibition of mold fungi, it is more likely that specific ketones or the combination of components in an essential oil could be responsible for anti-fungal properties noted in this study. Further investigation is needed to elucidate the role of specific ketones on mold retardation. Lemongrass vapor retarded P.chrysogenum growth for 12 weeks, but was ineffective against the other two test fungi. Ajowan and tea tree vapors did not inhibit mold fungi. Contrary to dip treatment results, Egyptian geranium and thyme oil vapors did not inhibit mold fungi under the conditions of this study, suggesting that the monoterpene components of these two oils either inhibit spore germination or vegetative growth upon contact.
Petri dish test chamber versus tank test chamber
Both dip treatment and vapor exposure in separate tank test chambers showed positive inhibition for all test fungi on treated specimens for at least 20 weeks for thyme oil and up to 8 weeks for dill weed oil (Table 2 ). In a comparison of thyme oil in two different test apparatus configurations, Petri dish and tank chambers, mold inhibition results were comparable. Dill weed oil vapor demonstrated lower efficacy in the tank test than in the Petri dish chamber, which could be due to the proportionally larger volume of the tank compared to the Petri dish. Minimum effective concentrations of dill weed vapor have not yet been established.
RH can play an important role for mold infestation. Penicillium, Aspergillus, and Cladosporium sp. are commonly associated with wood and wood products exposed to humidity conditions lower than saturation. Minimum water activity levels (aw) are reported as 0.8 for Aspergillus and Penicillium or lower for some mold fungi (Flannigan and Miller, 1993; Quarles, in press ). The test apparatuses in this study are designed to provide continual conditions of 100% RH.
Antifungal properties of thyme and Egyptian geranium oils may play an important role in wood protection from molds. Three active components of thyme oil, namely geraniol, thymol, and carvone, provide significant inhibition of mold growth and can serve as a broad spectrum biocide against commonly occurring molds (Scheffer and Duncan, 1946) . Ajowan was not an effective mold inhibitor under the conditions of this study, which is contrary to the results observed by Sridhar et al. (2003) .
Utilizing fungistatic vapor to control mold growth was explored as early as 1946 by Scheffer and Duncan. Volatilization of a biocide can be an undesirable property that affects efficacy, but in this circumstance, the tendency for high volatilization could prove advantageous to broaden the range of useful applications for essential oils. Vapor inhibition of molds could provide protection for large volumes of wood products in a closed environment. Dill weed and rosemary oil vapors appear to be fungicidal under the vapor exposure conditions employed in this study. However, minimum effective concentrations need to be established before the economic feasibility of this application can be determined. Combinations of different chemicals are frequently more effective than single compounds when a variety of fungi are to be controlled. Antifungal synergy among essential oils needs to be further explored, particularly by the tank test chamber method.
Conclusions
Thyme and Egyptian geranium oils were efficacious against T.viride, P.chrysogenum, and A. niger on southern pine dip treated with the oils, while dill weed oil inhibited all test fungi by vapor exposure. Thyme oil provided protection from mold growth on SYP for at least 20 weeks, even when diluted in 1:8 ratio. These antimycotic natural compounds may be useful for inhibition of mold fungi on wood in service or during storage of building materials, such as framing lumber, millwork, or truss systems. 
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